Background: Patent foramen ovale (PFO) with right-to-left shunt has a prevalence of 10% to 34% in the general population. It can cause an ischemic stroke, transient ischemic attack, and paradoxical peripheral or coronary embolization. Its infl uence on migraine and several other diseases and conditions is currently under debate. Attention has recently been turned to the correlation between PFO and obstructive sleep apnea. Thus far, studies on the prevalence of right-to-left shunts as a surrogate for PFO in these patients were limited by small sample sizes and the results have been confl icting. Here, we evaluate the prevalence of right-to-left shunting (RLS) through transcranial Doppler ultrasound (TCD) in a large patient group with obstructive sleep apnea (OSA). Methods: One hundred consecutive patients (mean age 59.5 y) with OSA underwent TCD with intravenous injection of agitated saline. The grading of right-to-left-shunts was in accordance with the Spencer PFO Grading Scale. Results: RLS was detected in 72 of 100 patients (72%). Thirtyfour out of these 72 patients (47%) had a shunt grade I or II; 15 (21%) had a shunt Grade III or IV; and 23 (32%) had a large shunt (Grade V or V+). In 47 of 72 patients (65%), a right-to-left shunt was detectable at rest without Valsalva maneuver.
S C I E N T I F I C I N V E S T I G A T I O N S
A patent foramen ovale (PFO) can be detected in autopsy studies in 15% to 34% in the general population. [1] [2] [3] It is reported in 26% of a randomly selected population cohort examined by transesophageal echocardiography (TEE). 4 A higher prevalence has been reported in patients suffering from migraine or cluster headache, 5, 6 as well as in subjects with ischemic stroke. 7 Case reports of thrombi-in-transit and a plausible physiologic mechanism support the notion that PFO are a potential cause for paradoxical peripheral and coronary embolization 8 and decompression sickness. 9 Transesophageal echocardiography using contrast (agitated saline injection) has been demonstrated to have a high sensitivity and specifi city for the detection of a PFO causing a rightto-left shunt when compared with autopsy studies 3 and has, therefore, been considered the gold standard diagnostic test for the detection of a PFO. However, recent studies have shown contrast-enhanced TCD and TEE to be complementary techniques in the assessment of a PFO. 10 In fact, some evidence suggests that TCD may be more sensitive in the detection of RLS than echocardiographic imaging. 11 Therefore, this technique may be able to exclude PFO causing RLS with a higher level of confi dence than TEE and transthoracic echocardiography. 12 Assuming no other (unusual) intracardiac or intrapulmonary shunts are present, a RLS detected on TCD is indicative of a PFO. Furthermore, TCD is considerably less invasive for the patient, and the Valsalva maneuver, which signifi cantly increases microbubble appearance, 13 can be performed more accurately. Further investigations demonstrated that the unilateral detection of RLS by power M-mode transcranial Doppler, used in this study, provided an equivalent sensitivity to a bilateral detection, 14 while easier to handle. Recognizing the limitation that, in unusual circumstances, a RLS detected on TCD may be the source of other intracardiac or intrapulmonary shunts and that a PFO may remain silent if it causes left-to-right shunting only, the presence of RLS demonstrated by TCD will, for the remainder of this discussion and manuscript, be assumed to be the consequence of PFO with RLS. Moreover, the term "PFO" will indicate PFO with RLS unless otherwise stated.
Obstructive sleep apnea (OSA) is a common condition affecting 17% to 26% of men and 9% to 28% of women over 30
BRIEF SUMMARY
Current Knowledge/Study Rationale: Right-to-left shunting (RLS) via a patent foramen ovale (PFO) may exacerbate hypoxemia caused by apneic episodes. In addition, apneic episodes may promote rightto-left shunting through a foramen ovale. To date, it has not yet been determined whether obstructive sleep apnea (OSA) is associated with a higher prevalence of RLS through a patent foramen ovale. Study Impact: Our fi ndings may impact the management of patients with OSA. It should stimulate further investigations to determine if patients with severe OSA and RLS through a PFO should undergo PFO closure.
Continuous oxygen saturation (SaO 2 ) measurement allowed determination of the number of desaturations > 4% per hour sleep time (oxygen desaturation index, ODI). The frequency of apneas and hypopneas per hour of sleep (apnea hypopnea index, AHI) defined the OSA severity. AHI > 5 was considered pathological. that indicates the velocity profile of blood flow in the selected depth. All examination data were stored internally and analyzed offline afterwards by a single experienced researcher.
Shunt Detection and Assessment
Patients were placed in supine position with their head slightly elevated. An intravenous catheter (20-gauge) was inserted into the antecubital vein. The transcranial 2 MHz ultrasound probe was fixed unilaterally on the patients' head, at the height of the temporal bone window, by using the Marc 600 Headframe System (Spencer Technologies, Seattle, WA). The Doppler signal of blood flow in the middle cerebral artery was located at a depth of 45-65 mm. At this point, the Valsalva maneuver was exercised with the patient: the patient was asked to take a deep breath and press against the closed epiglottis for 10 sec to increase the thoracic pressure. The maneuver was considered successful if a 30% reduction of mean flow velocity in the middle cerebral artery could be observed for the entire 10-sec period. Before recording, two 10-mL syringes were connected to the intravenous catheter by means of a 3-way stopcock: one containing 9 mL of 3.5% colloidal solution Haemaccel (TheraSelect, Marburg, Germany) and 1 mL of air, the other empty. The content was agitated by rapidly pushing it from one syringe to the other, resulting in a homogenous solution (the contrast agent).
In the following examination, 2 sessions were performed: in the first session the contrast bolus was rapidly injected (within 6-8 sec) with the patient at rest during physiological respiration. In the second session, the patient was asked to perform the Valsalva maneuver as previously practiced. Midway through the injection, the patient was instructed to start the Valsalva maneuver and hold it for 10 sec before breathing normally again. There was a 5-min break between the sessions to allow the recirculating bubbles to disperse. Embolic tracks were counted for a total of 60 sec after the end of each injection.
Microembolic signals can be distinguished from artifacts (caused by patient movement, swallowing, chewing, or manipulation of the probe) in the spectrogram by their characteristic sound and look. It is a short click-sound (< 300 ms) of high years of age with a higher prevalence in both the elderly and the overweight. [15] [16] [17] Several disorders are associated with this condition: systemic and pulmonary hypertension, ischemic heart disease, cardiac arrhythmia, cerebrovascular disease, congestive heart failure, [18] [19] [20] as well as cognitive dysfunction 21 and an increased risk of accidents as a result of daytime sleepiness. 22 Improvements in the degree of hypoxemia in patients with both OSA and PFO after closure of the PFO are conceivable. Data, to support this, however are limited to case reports. For example, subjective improvement in sleep apnea symptoms and objective improvement in polysomnographic testing after transcutaneous closure of a PFO in a patient after ischemic stroke have been reported. 23 Moreover, complete resolution of symptoms in a patient with OSA and desaturations during exercise has been described. 24 It is not yet clear whether OSA, by virtue of increased mean transmural pulmonary artery pressure during apneic episodes, 25 may allow an interatrial communication (PFO) that otherwise would be unrecognized, whether the PFO is a substantial contributor in the pathogenesis of OSA, or whether both apply.
Recent research indicates that carbon dioxide retention and hypoxemia during nocturnal apneic episodes in patients with obstructive sleep apnea (OSA) lead to an elevation of pulmonary vascular resistance followed by an increase in right ventricular afterload and right atrial pressure. Under these conditions, right-to-left shunting via PFO may exacerbate the hypoxemia caused by apneic episodes. 26 Importantly, it has not yet been determined whether OSA is associated with an increased prevalence of PFO. Previous studies examining the prevalence of PFO in patients with OSA have produced conflicting results.
27,28
The aim of this study was to evaluate the prevalence of rightto-left shunting by means of TCD in a large group of patients with obstructive sleep apnea syndrome. Care was taken to include a nonselected cohort of consecutive patients representative of a general OSA population.
PATIENTS AND METHODS

Study Sample
One hundred consecutive patients first time diagnosed with OSA after clinical assessment and inpatient overnight sleep studies requiring nocturnal positive airway pressure treatment were screened for PFO.
Polysomnography
The diagnosis of OSA was made after performing a standard nocturnal polysomnography including electroencephalogram, electroculograms, single-lead electrocardiogram, anterior tibial and submental electromyograms, finger pulse oximetry, and measurements of oro-nasal-airflow as well as abdominal and chest excursions.
A single expert evaluated the polysomnograms manually. Respiratory events were counted as apnea if a cessation of airflow ≥ 10 sec occurred. Hypopnea was defined as ≥ 50% reduction of airflow, in association with an oxygen desaturation ≥ 4% from the baseline value, lasting > 10 seconds.
The Fisher exact test was used to compare categorical variables in the groups "no shunt" and "shunt." Gender and preexisting illnesses (hypertension, diabetes, coronary artery disease, atrial fibrillation, COPD/asthma, stroke; Table 3 ) were included in the analysis ( Table 4) . Spearman rank correlation was calculated to test for a statistically significant association between shunt magnitude and clinical parameters. A p value < 0.05 was considered statistically significant.
RESULTS
There were 19 females and 81 males in the study population. The mean age was 59.5 ± 11.7 years, mean BMI 33.2 ± 6.4 kg/ m² and mean AHI 44.2 ± 22.2/h ( Table 2) .
In 72 of 100 (72%) patients, a right-to-left shunt was detected. Forty-seven of 72 patients (65%) showed "at-rest shunting"-a right-to-left shunt during physiological respiration. A "provocative-only shunt"-a right-to-left shunt only after Valsalva maneuver-was present in 25 patients.
Out of these 72 patients, 34 (47%) had a small shunt (< 15 MES, conforming to grade I or II in the Spencer grading Scale); 38 patients (53%) had a large shunt (grade III to V+); and in 18 patients a curtain pattern was seen in TCD (V+).
There was no significant correlation with the following parameters: gender, BMI, AHI, ODI, AHI/ODI, nadir oxygen saturation, lowest oxygen saturation, or concomitant diseases, and the presence or absence of a shunt either at rest or with Valintensity, visible as a white streak within the Doppler flow spectrum ( Figure 1A and B) .
The magnitude of right-to-left shunting was classified according to the Spencer grading Scale (Spencer Vascular Laboratories, Seattle, Washington, USA; Table 1) 29 A right-to-left shunt was noted to be present if ≥ 1 clear microembolic signal had been recorded within 60 sec after the end of the injection. At-rest shunting was noted if the patient showed a shunt during the first session (at physiological respiration). Provocative-only shunting was defined as microembolic signals (MES) recorded only during Valsalva maneuver and not under resting conditions.
Statistical Analysis
Statistical calculations were performed using the software "BiAS for Windows" version 9.07 (epsilon-Verlag, Darmstadt, Germany). Descriptive statistics were performed for demographic and polysomnographic characteristics ( Table 2) .
We evaluated the prevalence of PFO as well as the magnitudes of the right-to-left shunt in the study sample. The distribution of provocative-only shunting was compared to at-rest shunting.
The Mann-Whitney-Wilcoxon Test was used to compare continuous variables in the groups "no shunt" to "shunt" and, within the "shunt" group, to compare "at-rest shunting" to "provocative-only shunting." The clinical parameters considered were age, height, weight, body mass index, AHI, ODI, AHI/ ODI, baseline SaO 2 during sleep, and lowest SaO 2 during sleep.
Figure1B-Curtain pattern: uncountable MES; Shunt grade V+
Figure1A-ST3 Digital Transcranial Doppler System
Model PMD 150; divided display: power M-Mode (upper part), spectrogram (lower part); One microembolic signal (MES) both mechanisms in concert may permit a patent foramen ovale to re-establish. To this effect, high pulmonary artery systolic pressure is often measured in patients with OSA 32 and attributed to pulmonary vasoconstriction caused by hypoxemia. 33 Though the prevalence of PFO in patients with pulmonary hypertension is reported to be similar to the general population, 34 a study of patients with chronic obstructive pulmonary disease (COPD) shows a significantly higher pulmonary artery systolic pressure and an increased prevalence for PFO assessed by transesophageal (agitated saline-) contrast echocardiography (70%). 35 Moreover, these patients experience significant systemic arterial oxygen desaturation after the Valsalva maneuver.
Similar observations have been made in OSA patients with PFO: these patients experience more oxygen desaturations in proportion to respiratory events (episodes of hypopnea and apnea) than patients without PFO. There appears to be a higher prevalence of PFO in patients with deep desaturations than in those with milder degrees (60% vs. 13%). 36 The right-to-left shunt occurring during obstructive respiratory disturbances (i.e., patients pressing against closed upper airway) allows deoxygenated venous blood to enter the arterial system and thereby may decrease arterial oxygen saturation.
There is a high correlation between MES count in TCD and PFO size. 37 Thus one may assume that a larger shunt in TCD is related to a larger defect. The role of PFO and shunt size in the severity of desaturation is still not fully understood. In the current study, a significant correlation between shunt size and AHI (which indicates severity of OSA) could not be found.
There was no significant associated between any of the evaluated clinical parameters to the presence a shunt or its magnitude. This corresponds with previous study results. 27, 28 Case reports suggest an association between OSA and PFO. For example, in support of the hypothesis that PFO may exacerbate hypoxemia and unfavorably affect physiologic sleep parameters, significant improvements of OSA symptoms were reported after PFO closure. 23, 24 Furthermore, favoring the notion that OSA may allow reestablishment of an interatrial communication, treatment of OSA with continuous positive airway pressure (CPAP) has been reported to suppress a previously existing shunt occurring through a PFO. 38 It is conceivable that the higher prevalence of right-to-left shunting via a patent foramen ovale in patients with OSA may be responsible for a higher stroke incidence in patients with OSA. 39 Hence, the importance of an association between PFO and OSA is not to be underestimated. Given the substantial and rising number of patients with OSA, the invessalva. In addition, there was no significant correlation between the shunt magnitude and any of the aforementioned parameters.
DISCUSSION
The study reveals right-to-left shunting in 72% of patients with OSA. Provided no other sources (i.e., an intrapulmonary or other intracardiac RLS) are present, the etiology of the RLS in these patients is PFO. This is approximately three times higher than the reported prevalence of PFO in the general population at autopsy. It is also significantly higher than the prevalence reported by TEE in a large randomly selected population cohort (26%). 4 Of note, in the overwhelming majority in that cohort the PFO was diagnosed based on the presence of a RLS by contrast (agitated saline) injection. Our results confirm findings by Shoundy et al. 27 The prevalence of PFO was 69% in patients with OSA analyzed by TEE (48 patients). In contrast, in a TCDstudy (78 patients), Beelke et al. report a prevalence of only 27%, which lies within the range expected in the general population. 28 However, this study only evaluated a selected group of patients with OSA. Patients with myocardial infarction, unstable angina, congestive heart failure, pulmonary embolism, transient ischemic attack, stroke, or migraine-all conditions frequently found in patients with OSA 30 -were excluded. Thus the study population may not have be representative of the general OSA patient population. Transcranial Doppler data regarding the prevalence of a RLS in a healthy population are limited and it could be argued that TCD is more sensitive or overestimates the true prevalence of RLS. However, though perhaps slightly more sensitive than TEE, 10 the differences in reported prevalences between both modalities are small.
It has been hypothesized, that the high prevalence of PFO with RLS in OSA patients could be due to enhanced respiratory effort during apneic episodes causing a rise in right atrial pressure, allowing reopening of a patent but formerly closed foramen 26 ; however, increased right atrial pressures in patients with isolated OSA have not yet been demonstrated. Likewise, increased right-sided pressure related to pulmonary hypertension may facilitate interatrial communication via the foramen ovale. Though it is controversial whether OSA alone (in the absence of concomitant pulmonary disease or daytime hypoxemia) can cause pulmonary hypertension, some recent data in patients whose sleep apnea was treated with continuous positive airway pressure causing a significant reduction in pulmonary artery pressure in the absence of changes in daytime hypoxemia or lung function tests does support the notion that OSA can lead to an increase (albeit mild) in pulmonary artery pressure. 31 Finally, tigation of the following aspects should be among the priorities in studying this patient population: First, it would be very important to prospectively establish whether individuals with OSA and PFO are more likely to experience strokes and, perhaps, are more likely to suffer from pulmonary or systemic hypertension than those with OSA and absent interatrial communication. Second, given the demonstrated procedural safety, 40 the impact of percutaneous PFO closure on the incidence of strokes and other undesired associated conditions such as pulmonary hypertension and systemic hypertension in this patient population should be investigated. Though it would allow further elucidation of the physiology and association of OSA and PFO, a randomized comparison of patients with OSA and PFO treated with CPAP compared to no treatment is, of course, unethical.
Limitations
As described in the introduction, TCD cannot distinguish between a shunt occurring through a PFO and a shunt on a pulmonary level. 41 Albeit the latter is rare, 42 its role in the pathophysiology of OSA is unknown. Likewise, a PFO causing exclusively left-to-right shunting may remain silent on TCD imaging. The clinical significance of this possibility is unclear. In addition, optimally, the prevalence of RLS in patients with OSA should be compared to that of a general population using the same imaging modality to minimize errors related to the imaging procedure itself.
CONCLUSION
The prevalence of a RLS assessed by TCD is high in patients with OSA. Provided no unrecognized other unusual intracardiac or intrapulmonary shunts are present in OSA patients, this is likely related to a high prevalence of PFO in this population. To confirm our findings, further studies comparing the prevalence of a RLS in OSA patients to that of a healthy population are warranted. It remains to be investigated whether PFO are risk factors for OSA or, to the contrary, if OSA helps maintain a PFO or leads to re-opening of a formerly closed foramen ovale. Lastly, further research is needed to determine whether PFO exacerbate the symptoms of sleep apnea or may be associated with a higher incidence of strokes in patients with OSA and, therefore, if a PFO closure should be considered in these patients.
